Introduction {#S1}
============

Presently, the term "green synthesis" or "phytonanotechnology" has been coined for nanoparticle (NP) synthesis which has many advantages including its biocompatibility, scalability, and applicability by utilizing water which acts as a reduction medium ([@B75]). It has been recommended that vitamins, proteins, organic acids, amino acids, and secondary metabolites act like capping and stabilizing agents that reduce metal salts of synthesized NPs by playing a key role ([@B21]). Green synthesis ascends as an incipient approach which has more advantages over physical and chemicals ways of synthesizing NPs. Biological processes implicate fungal, bacterial, and plant enzymes that involve convoluted procedures for sustaining cell cultures under aseptic conditions while significant production of NPs was achieved by employing plant extracts, encompassing simplicity and applicability with low energy consumption; however, chemically synthesized NPs comprise of toxic reagents that remain as residues along with particles and ultimately nurture toxicity problems within human system ([@B88]; [@B78]).

In the last few decades, extensive research has been done on the effects of NPs on ecosystems including organisms and plants. Being an eco-friendly and a multifactorial biogenic material, application of NPs is receiving attention due to their specific physiochemical properties, serves as an inexpensive approach for assembling of innovative functional materials used almost in every area of science and technology like medicine, engineering, environment, and agriculture ([@B8]; [@B63]; [@B96]; [@B86]; [@B105]). Due to the interdynamic properties of NPs, there are high opportunities to explore the potential of NPs while the nano-elicitive behavior of these minute particles may rely on their nature and methods of synthesis ([@B43]).

Silver (Ag)NPs arise as potential antimicrobial agents by demonstrating stout antiviral, bacterial, fungal, and inflammatory activities which highlighted their significance ([@B88]). To our best acquaintance, for the development of novel antimicrobial agents to manage agricultural diseases, manipulations in the synthesis of AgNPs such as structural properties and surface coating are some of the methods which are being employed for enhancing strong phytopathogenic activities ([@B42]; [@B55]). Some reports describe antifungal activity of AgNPs on conidial development and fungal hyphae as well as presenting strong inhibitory effects of biosynthesized AgNPs against certain phytopathogens in fields in greenhouse conditions ([@B69]; [@B61]). In some earlier studies, nanomaterials have been employed to boost plant germination, improve soil fertility, and enhance deprivation of pesticide wastes ([@B38]; [@B52]; [@B31]). Among the different types of metals, AgNPs have been used extensively against different fungal plant pathogens, and their suppressive effects on growth and development have been investigated. [@B27] observed antifungal activity of AgNPs in cotton plants. Nano-silver has also been applied to suppress soilborne diseases. AgNPs from *Artemisia absinthium* extracts have shown high effect against agriculturally imperative pathogens from the genus *Phytophthora.* Its single applications of 10 and 100 μg/ml of nano-silver resulted in 78--95% plant survival, while 5% survival was observed for untreated control ([@B7]). Inhibitory effect of various formulations of nanoscale silver was studied against *Colletotrichum gloeosporioides* and *Sclerotium cepivorum* ([@B49]; [@B2]). [@B64] observed 75--55% disease reduction by AgNPs in commercially available ornamental flower of *Crossandra* spp. infected by *Fusarium* wilt in pot culture.

Formerly, an extensive research had been done on the utilization of different plants for the synthesis of AgNPs including aloe vera leaf extract ([@B67]), *Azadirachta indica* leaf extract ([@B4]), *Protium serratum* leaf extract ([@B70]), *Mangifera indica* inflorescence aqueous extract ([@B88]), *Phoenix dactylifera* root hair extract ([@B78]), and *Caesalpinia ferrea* seed extract ([@B97]). However, it is still required to explore commercially feasible, economically stable, and eco-friendly safe routes for synthesis of AgNPs by utilizing various plant materials ([@B18]).

Tomato (*Solanum lycopersicum* L.) is the most imperious vegetable harvest on earth that ranked second after potato ([@B46]; [@B33]). Tomatoes are cultivated in different areas of Pakistan, with 11.05 tons per hectare ([@B40]). *F. oxysporum* f. sp. *lycopersici*, responsible for wilt, is an unavoidable infection of the grown tomatoes. Being a soilborne disease, it is only controlled by using resistant varieties and soil fumigants, but both have their own constraints. The impact of these pesticides on our ecosystem has already raised many questions on their utilization. Therefore, there is an essential need to adopt alternative approaches for the management of pathogens. An adequate approach that is being actively investigated involves NPs, such as metal oxides, which are used to control soilborne fungi ([@B95]).

The current study reports green synthesis of AgNPs by using the aqueous extract of *M. azedarach* and evaluates its potential application as an antifungal agent against *F. oxysporum* causing tomato wilt without intrusion of any supplementary physical and chemical steps. Silver has been chosen because of its antimicrobial activities either in NP or ionic form as well as lesser toxicity to mammalian cells ([@B6]). Moreover, the efficacy of *Melia* leaf extract (MLE)-AgNPs against *Fusarium* in tomato roots was evaluated under laboratory and greenhouse conditions by comparing it with a commercially available fungicide. The effects of MLE-AgNPs on tomato growth parameters and antioxidant enzymes were studied. Green synthesis of metal NPs by using plant material proficiently proved to be an eco-friendly and cost-effective approach.

Materials and Methods {#S2}
=====================

Collection of Plant Material and Procurement of Pathogen Inoculum {#S2.SS1}
-----------------------------------------------------------------

Fresh leaves of *Melia azedarach* were collected from the tree planted in the vicinity of Punjab University, New Campus. Silver nitrate (AgNO~3~, 99.0%) and potato dextrose agar (PDA) was purchased from Sigma-Aldrich. Pure culture of *F. oxysporum* IAGS-1322 was procured from the First Culture Bank of Pakistan (FCBP). The strain was maintained, subcultured monthly, and preserved on PDA medium in glass culture tubes at 4°C. All the solutions were prepared with deionized water. All glassware was rinsed and sterilized before use to avoid contamination.

Preparation of *Melia azedarach* Leaf Extract {#S2.SS2}
---------------------------------------------

The healthy and fresh leaves of *M. azedarach* were washed thoroughly with distilled water and then with deionized water to remove dust particles. Leaves were air-dried at room temperature for 3 days. Dried leaves (20 g) ([Figure 1](#F1){ref-type="fig"}) were boiled in 100 ml deionized water at 90°C for 20 min in a temperature-controlled water bath. The leaves extract was cooled and filtered through Whatman filter paper. The extract was stored at 4°C and used within 2 weeks. This extract was used as a stabilizing and reducing agent.

![Graphical representation for green synthesis of silver nanoparticles (AgNPs) \[*Melia* leaf extract (MLE)-AgNPs\] from dried leaves of *Melia azedarach* and its applications.](fmicb-11-00238-g001){#F1}

Synthesis of *Melia* Leaf Extract-Capped Silver Nanoparticles {#S2.SS3}
-------------------------------------------------------------

The reaction conditions for the green synthesis of MLE-AgNPs were optimized. Typical reaction contained 5 ml of MLE, mixed with 45 ml of 2.5 mM AgNO~3~, pH 8.0 in a 100-ml flask. For rapid microwave synthesis, the synthesis product was subjected to a domestic microwave oven (Panasonic NN-CT651M) operating at the power of 1,100 W for a short pulse of 30 s. The mixture was then allowed to stand at room temperature for further use. The reaction conditions were optimized by performing the experiment for different conditions, wherein the reactions of MLE-AgNO~3~ were performed as the function of the concentrations of silver nitrate (0.5, 1, 1.5, 2, 2.5, 3, and 3.5 mM), amount of extract-MLE (1, 2, 3, 4, 5, 8, and 10 ml), pH (2, 4, 6, 8, and 10), and microwave irradiation (5, 10, 15, 30, 45, 60, and 75 s). All the reactions were performed at ambient temperature in dark conditions. A radical change in color from pale yellow to dark brown was observed. The biosynthesis of MLE-AgNPs was primarily detected by observing the color change from yellow to blackish brown.

Characterization of *Melia* Leaf Extract-Capped Silver Nanoparticles {#S2.SS4}
--------------------------------------------------------------------

The biosynthesis of MLE-AgNPs was analyzed for surface plasmon resonance (SPR) by using UV-vis spectrophotometer (Denovix DS-C) in the wavelength range of 200--800 nm with the resolution of 1 nm. After the synthesis, NPs were separated by centrifugation of the solution at 6,000 rpm for 30 min. The supernatant was disposed to avoid unbound moieties. Pellet was dispersed in distilled water and purified by repeated centrifugation. The purified pellets were dried in a vacuum oven at 50°C for 12 h. Further, the dried powder was scrapped out and used for characterization. Fourier-transform infrared (FTIR) spectra for MLE-AgNPs were obtained in the range of 4,000--400 cm^--1^ with an FTIR (Thermo Scientific Nicolet 6700) by following the KBr pellet protocol. X-ray diffraction (XRD) analysis was carried out to reveal the crystallographic nature of biosynthesized MLE-AgNPs by using Philips PANalytical X'Pert Powder diffractometer with K~β~ filtered Cu (Kα) (1.5406 Å) radiations (operating voltage of 40 kV at 15 mA). The XRD spectra were recorded from 5° to 100° 2θ angles and step size of 0.2°. The morphology and size of the sample were investigated by using TESCAN Vega LMU-Variable pressure scanning electron microscope (SEM) and JEOL 2010F transmission electron microscope (TEM). Furthermore, the zeta potential and average size of MLE-AgNPs were determined at room temperature by dynamic light scattering (DLS, Malvern Zetasizer Nano ZS, UK). Elemental analysis was performed by using energy dispersive X-ray (EDX) spectrometry.

Antifungal Activity of *Melia* Leaf Extract-Silver Nanoparticles {#S2.SS5}
----------------------------------------------------------------

Nanoparticles were screened for antifungal activity by mycelium inhibition method. The medium was prepared, autoclaved (121°C for 15 min) and allowed to cool. *In vitro* antifungal assays were performed by using different concentrations of nanoparticles in Petri plates. After 24 h of incubation, agar plugs of uniform size (4 mm in diameter) from 3-day-old cultures of *F. oxysporum* were transferred to the center of each medium plate amended with different concentrations of NPs. Control plates were also prepared by using distilled water only. All the plates were incubated at 25°C for 7 days. All the assays were performed in triplicate. After the incubation period of the PDA plates with NPs, the growth of fungal mycelium will be measured by using the following equation:
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Where "R" represents the radial growth of fungal mycelium in control plates, and "r" is the radial growth of fungal mycelium in NP-treated plates ([@B53]).

Analysis of Fungal Hyphae and Spore by Scanning Electron Microscopy After Treatment With *Melia* Leaf Extract-Silver Nanoparticles {#S2.SS6}
----------------------------------------------------------------------------------------------------------------------------------

The morphological changes in hyphae and spores of *F. oxysporum* without (control) and with (100 and 120 μg/ml) the treatment of MLE-AgNPs were investigated by using field emission scanning electron microscopy (FE-SEM). After 7 days of incubation period, mycelial disks were cut from the peripheral area of the fungal cultures, fixed with 2.5% glutaraldehyde at 4°C for 2 h, postfixed with 1% aqueous osmium tetroxide (OsO~4~) and washed with 0.1 M phosphate buffer (pH 7.8). Subsequently, the samples were discretely dehydrated in an ascending ethanol series from 30, 50, 70, 80, and 90% for 20 min in each aqueous solution. The final step was performed with 100% ethanol for 30 min twice, and then the dehydrated samples were dried in a vacuum oven. Finally, thin sections of the samples were placed on double adhesive carbon conductive tape and observed under an SEM (S-4800, Hitachi, Japan). For the study of morphological changes in spores, the fungal suspension was treated with MLE-AgNPs for 24 h at 28°C. After centrifugation, at 3,500 rpm for conidia, the condensed cells were fixed by using the same protocol.

Viability Analysis and Reactive Oxygen Species Production Upon Treatment With *Melia* Leaf Extract-Silver Nanoparticles {#S2.SS7}
-----------------------------------------------------------------------------------------------------------------------

Propidium iodide (PI, Sigma Aldrich) was used to investigate the cell viability after treatment with MLE-AgNPs. The viability was examined in mycelia of 7-day-old fungi (control and 100 and 120 μg/ml). The mycelium of each treatment was resuspended in phosphate buffered saline (PBS) (0.1 M, pH 7.8) and later treated with PI at a final concentration of 2.5 μg/ml for 15 min under dark conditions. Stained cells were washed thrice with PBS. To measure the accumulation of reactive oxygen species (ROS) in mycelia, 2′,7′-dichlorofluorescin diacetate (DCFH-DA, Sigma, Aldrich) assay was conducted. Fluorescence images were observed by using Zeiss LSM 7 Confocal laser scanning microscope (CLSM) integrated with the Axiovert 200M inverted microscope (Carl Zeiss, Germany). The images were captured by using an emission/excitation wavelength of 617/536 nm for PI and 552/488 nm for DCFH-DA tests, respectively.

Efficacy of *Melia* Leaf Extract-Silver Nanoparticles Under Greenhouse Conditions {#S2.SS8}
---------------------------------------------------------------------------------

The *in vivo* effects of MLE-AgNPs on tomato seedlings were evaluated under greenhouse experiments. Sandy-clay soil was steam pasteurized and then compacted into 60-cm-diameter sterilized plastic pots, with 5 kg soil per pot. Conidial suspension of *F. oxysporum* was prepared in potato dextrose broth by using sterile distilled water by adjusting the final concentration at 106 spores/ml. One week before sowing, each pot was inoculated with 50 ml of fungal suspension and placed in the greenhouse at 30°C by keeping the soil moist until sowing.

Tomato seedlings cv. Rio Grande (25--30 days old) were treated by root dipping method in the respective concentrations (5, 10, 20, 40, 60, 80, 100,120, and 140 μg/ml) of MLE-AgNPs for 2 h ([@B30]; [@B29]). For the pathogenic control, the roots of the tomato seedlings were dipped in distilled water only, whereas the non-pathogenic control involved placing of seedlings in Nativo fungicide for 2 h. Each treatment was represented by three replicates. Later, the tomato seedlings were transplanted to soil inoculated with fungal suspension in the pots, with five plants per pot.

Two foliar sprays with 10 days of interval between each spray were applied on the tomato plants after 2 weeks of transplanting. After 45 days, the number of plants showing wilt symptoms, disease incidence, and growth parameters such as shoot and root length, biomass (fresh and dry weight), were recorded. The seedlings intact with roots were blotted to remove excess moisture, and the fresh biomass was determined. The same seedlings were dried in a hot air oven at 40°C for 72 h to obtain dry biomass (in grams). Disease incidence was calculated by using the following formula proposed by [@B104].
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Determination of Chlorophyll and Carotenoid Contents {#S2.SS9}
----------------------------------------------------

[@B84] method with some modifications was used for the estimation of chlorophyll content in leaves. Fresh roots and shoots (0.1 g) of each treatment were crushed and then centrifuged at 10,000 rpm for 5 min with 1 ml of 100% acetone. Afterward, 0.95 ml of 80% acetone (2.5 mM sodium phosphate buffer pH 7.8) was added. One hundred percent acetone was used as a blank. By following the procedure of [@B85], the total content of chlorophyll a (Chl a) and chlorophyll b (Chl b) was determined by spectrometry by measuring absorbance at 664 and 647 nm and putting in Equations (1) and (2). Total chlorophyll is the sum of Chl "a" and "b." By using [@B108] method, total carotenoids (TCs) were estimated by taking absorbance at 470 nm and the data of chlorophyll "a" and "b" in Equation (3). Results were calibrated in milligrams per gram fresh weight.
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Quantification of Total Phenolics and Stress Enzymes {#S2.SS10}
----------------------------------------------------

Quantification of total phenolics and stress enzymes was performed after 45 days from sowing, and the harvested plants were separated into roots and shoots and used for estimating total phenolics, peroxidase (PO), polyphenoloxidase (PPO), and phenyl ammonia lyase (PAL) by the following methods.

Quantification of Total Phenolics {#S2.SS11}
---------------------------------

Five milliliters of distilled water was taken in a clean test tube. A further 1 ml of methanolic extract and 250 μl of 50% Folin--Ciocalteu reagent was added inside this tube and kept for incubation in the dark for half an hour. After half an hour, 1 ml of 50% solution of sodium carbonate was added and incubated for a further 10 min inside the dark. After incubation, absorbance was measured using spectrophotometer at 725 nm. Standard curve was drawn using catechol. The quantity of total phenolics was given as micrograms catechol per milligram by comparing with the standard curve ([@B110]).

Quantification of Enzymes {#S2.SS12}
-------------------------

One gram of plant material was crushed in a prechilled mortar containing 5 ml of ice- cold 100 mM phosphate buffer (pH 7). The homogenized material was centrifuged at 5,000 rpm at 4°C for 15 min. The above clear supernatant was collected and used for further quantification of enzymes.

Quantification of Peroxidases {#S2.SS13}
-----------------------------

[@B36] method was used to determine the PO activity. Guaiacol was used as substrate. For this, 10 ml of 10 mM sodium phosphate buffer (pH 6.0) was added in 100 μl of hydrogen peroxide and mixed with 250 μl of guaiacol reagent. In the end, 3 ml of enzyme mixture was added and left for incubation at room temperature for 5 min. Absorbance was taken at 470 nm. PO activity was denoted as Δ470 nm/g fresh wt/min.

Quantification of Polyphenol Oxidases {#S2.SS14}
-------------------------------------

Polyphenoloxidase activity was quantified by method of [@B66]. Catechol is used as a substrate to measure the enzyme activity. Reaction mixture was prepared by adding 1.5 ml of 10 mM sodium phosphate buffer (pH 6.0) to 150 μl of 0.1 M catechol solution and mixed. After this step, 200 μl of enzyme mixture was added to the tube and incubated it at room temperature for 1 h. Absorbance was taken at 495 nm. PPO activity was indicated as Δ495 nm min^--^1 mg−1 protein.

Quantification of Phenylalanine Ammonia Lyase {#S2.SS15}
---------------------------------------------

Phenylalanine ammonia lyase (PAL) activity was measured by following the protocol of [@B15]. The reaction mixture contained 250 μl of 0.03 M [L]{.smallcaps}-phenylalanine and 200 μl of reaction mixture in a total of 2.5 ml of sodium borate buffer (pH 8.8). This reaction mixture was placed in a water bath at 37°C for 1 h.

After incubation period, 0.5 ml of 1.0 M trichloro acetic acid solution was added. Absorbance was noted at 290 nm, and enzyme activity was expressed as micrograms of *trans*-cinnamic acid per hour per milligram protein.

Results {#S3}
=======

Visual Observation and UV-Visible Spectroscopy of Microwave-Assisted *Melia* Leaf Extract-Silver Nanoparticles {#S3.SS1}
--------------------------------------------------------------------------------------------------------------

After exposure to microwave irradiation for a short pulse of 30 s, followed by 30 min incubation at room temperature, the color of the solution changes to dark blackish brown ([Figure 1](#F1){ref-type="fig"})indicating the generation of AgNPs. The peak at 434 nm in UV-vis spectrum is attributed to the SPR which is due to collective oscillations of the conduction of electrons of the MLE-AgNPs in the reaction solution which gradually surges with the exposure time ([Figure 2A](#F2){ref-type="fig"}). However, in measurement range, no absorption peak was observed for control extract or silver ion solution. The solution does not contain much aggregated particles depicted from the symmetry of the plasmon band. Additionally, it is indicated from the results that green synthesis of MLE-AgNPs was significantly accelerated by approaching microwave irradiation.

![UV-visible absorption spectra of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) synthesized by microwave-assisted protocol. UV-spectra under different optimization conditions during synthesis were documented as a function of **(A)** UV-visible absorption spectra of MLE-AgNPs; **(B)** silver nitrate (AgNO~3~) concentrations (0.5--3.5 mM); **(C)** amount of MLE (1--10 ml); **(D)** pH (2--10); **(E)** microwave irradiations (5--75 s); and **(F)** stability (30 s--6 months).](fmicb-11-00238-g002){#F2}

The results in [Figures 2B--F](#F2){ref-type="fig"} showed the optimization conditions customized for the microwave synthesis of MLE-AgNPs. The UV-vis spectra indicated that the absorbance values increased gradually as a function of MLE amount (1--10 ml), AgNO~3~ concentration (0.5--3.5 mM), pH (2--10), and microwave irradiation (5--75 s) time at ambient environment. Microwave irradiation affects the synthesis of MLE-AgNPs, aliquots of reaction solution were periodically subjected to UV-vis spectroscopy. Dark brown to black color was observed at higher salt concentration ranges from 2 to 3.5 mM while light brown color was observed from 0.5 to 1.5 mM. The SPR peaks became more distinct with increasing concentration of silver-nitrate, while the maximum peak intensity was obtained at 2.5 mM ([Figure 2B](#F2){ref-type="fig"}). Surface plasmon absorbance increases with increasing MLE; however, maximum peak intensity was observed at 5 ml extract ([Figure 2C](#F2){ref-type="fig"}) at pH 8 ([Figure 2D](#F2){ref-type="fig"}). The absorbance intensity of the reaction solution exponentially increases with time. The Peak was observed after irradiation for 5 s, while its intensity increased with increasing reaction time; however, wavelength remained constant from 30 to 75 s as shown in [Figure 2E](#F2){ref-type="fig"}. The microwave synthesis was completed in 30 s. There was no significant change detected in UV-visible spectrum and color of the biosynthesized MLE-AgNPs even after 3 and 6 months, exhibiting the well stability of nanoparticles in the solution ([Figure 2F](#F2){ref-type="fig"}).

Characterization of *Melia* Leaf Extract-Silver Nanoparticles {#S3.SS2}
-------------------------------------------------------------

[Figures 3A,B](#F3){ref-type="fig"} show the FTIR spectra of *M. azedarach* extract and MLE- AgNPs. FTIR analyses have been done to evaluate the role of different phytochemicals of *M. azedarach* adsorbed at the surface which plays a key role in the synthesis and stability of AgNPs. A broad peak at about 3,258.25 represents vibrations of hydroxyl (--OH) group. While the absorption band at 1,634.31 cm^--1^ was attributed to variable stretching vibrations of alkene (C=C) with aromatic ring.

![Fourier-transform infrared spectra of synthesized *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs). **(A)** Spectra of MLE-extract alone. **(B)** Spectra of MLE-AgNPs.](fmicb-11-00238-g003){#F3}

The crystalline nature of green synthesized MLE-AgNPs was determined by XRD analysis in the whole spectrum of 2θ values ranging from 10 to 100 as shown in [Figure 4](#F4){ref-type="fig"}. The XRD pattern for the biosynthesized AgNPs revealed four intense peaks at 38.12°, 44.23°, 64.51°, and 77.69° that can be assigned to the plane of {111}, {200}, {220}, and {311}, respectively, and designates the face-centered-cubic (fcc) AgNPs and indicates the crystalline nature of the MLE-AgNPs (file JCPDS no. 04-0783). Debye-Scherrer's equation was used to calculate the mean particle size of biosynthesized AgNPs based on full width at half maximum (FWHM) value for the {111} plane of reflection. The mean particle size of the MLE-AgNPs was consistent with transmission electron microscope (TEM) measurements.

![X-ray diffraction (XRD) pattern of *Melia* leaf extract-silver nanoparticles.](fmicb-11-00238-g004){#F4}

Energy dispersive X-ray spectrometry (EDX) study confirmed the presence of elemental silver (23.62%), along with the signals of C, N, and O, as available in the reaction mixture of synthesized NPs. [Figure 5](#F5){ref-type="fig"} revealed the absorption peak at 3 keV region which showed that AgNPs were formed exclusively with crystalline nature.

![Represents the energy dispersive X-ray spectrometry spectrum of *Melia* leaf extract-silver nanoparticles.](fmicb-11-00238-g005){#F5}

To study the morphology and particle size, green synthesized AgNPs are further characterized by scanning electron microscope (SEM) analysis. The representative SEM images are shown in [Figures 6A,B](#F6){ref-type="fig"}. The MLE-AgNPs obtained were mostly spherical in shape while other than spherical were also present. TEM images confirmed the synthesis of AgNPs by depicting variable and predominantly spherical and crystalline MLE-AgNPs with dark edges ([Figure 7A](#F7){ref-type="fig"}). [Figure 7B](#F7){ref-type="fig"} shows the histogram pattern of green synthesized AgNPs. The particle size distribution ranges from 12 to 46 nm with an average diameter of 28.04 nm.

![Scanning electron microscopic images of *Melia* leaf extract-silver nanoparticles at different magnifications **(A,B)**.](fmicb-11-00238-g006){#F6}

![Morphological characterization of *Melia* leaf extract-silver nanoparticles (AgNPs) synthesized by microwave-assisted approach. **(A)** Transmission electron microscopic images of AgNPs (scale bar indicates 50 nm). **(B)** Histogram of size distribution of AgNPs.](fmicb-11-00238-g007){#F7}

Particle size and potential stability of AgNPs in colloidal suspension were determined by DLS and zeta potential, respectively. [Figures 8A,B](#F8){ref-type="fig"} show the size distribution of MLE-AgNPs which was found to be in average of 98 nm, respectively. Moreover, the particles carried a charge of −22.3 mV. Therefore, biosynthesized MLE-AgNPs were stable at room temperature by showing a negative zeta potential.

![Size distribution intensity and zeta potential distribution of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) **(A,B)** as revealed by dynamic light scattering.](fmicb-11-00238-g008){#F8}

Antifungal Activity of *Melia* Leaf Extract-Silver Nanoparticles {#S3.SS3}
----------------------------------------------------------------

The MLE-AgNPs expressively inhibited the growth of *F oxysporum* f. sp. *lycopersici* which clearly indicated that these NPs have the potential to be used as an active antifungal agent. Observations were recorded after 7 days for different concentrations ([Figures 9A,D](#F9){ref-type="fig"}). It is evident from the results that higher concentrations (60--140 μg/ml) of AgNPs repressed fungal mycelial growth with 79--98% inhibition rate as compared to the control (*p* \< 0.05). However, less than 50% inhibition was noted at lower concentrations, i.e., 5--40 μg/ml after the required incubation period in contrast to higher ones. The highest inhibition rate (98.2 ± 0.15) was observed at 140 μg/ml of MLE-AgNPs while the lowest rate (10.6 ± 0.379) was observed at 5 μg/ml.

![**(A)** Plates showing antifungal activity of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) at different concentrations (5, 10, 20, 60, 80, 100, 120, and 140 μg/ml) after 7 days of incubation at 28°C. **(B)** Scanning electron microscope (SEM) images of *Fusarium oxysporum* hyphae in the presence of water **(a)**, 100 μg/ml **(b)** and 120 μg/ml of MLE-AgNPs **(c)**. **(C)** SEM images of conidia of *F. oxysporum* with sterile water **(d)** and MLE-AgNPs **(e,f)** for 24 h. **(D)** Effect of different concentrations (5, 10, 20, 40, 60, 80, 100, 120, and 140 μg/ml) of MLE-AgNPs after 7 days on *F. oxysporum* by calculating percentage inhibition (%). Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and Duncan's new multiple range test.](fmicb-11-00238-g009){#F9}

Hyphal and Spore Observation by Scanning Electron Microscope Induced by *Melia* Leaf Extract-Silver Nanoparticles {#S3.SS4}
-----------------------------------------------------------------------------------------------------------------

The effect of MLE-AgNPs on the mycelia and spores of *F. oxysporum* through SEM is shown in [Figures 9B,C](#F9){ref-type="fig"}. Hyphae in the control treatment (treated with sterile water) indicates an intact and smooth exterior surface ([Figure 9Ba](#F9){ref-type="fig"}), whereas after treatment with 100 μg/ml and 120 μg/ml of MLE-AgNPs, the mycelium shows a deformed shape with ruptured walls and hyphae became shrunk and stacked together ([Figures 9Bb,c](#F9){ref-type="fig"}) which imbalances the mycelium integrity and ultimately inhibits fungus growth.

Experiments were conducted to observe alternation in spore morphology of *F. oxysporum* after treatment with MLE-AgNPs. In [Figure 9Cd](#F9){ref-type="fig"}, untreated (control) macro-conidia depict slender, sickle to curved shape at ends, having an integral and enviable structure with transverse septa. However, after treatment with MLE-AgNPs ([Figures 9Ce,f](#F9){ref-type="fig"}) for 24 h, most of the *F. oxysporum* macroconidia were creased, withered, and heaped together to form bumpy structures with NPs. Some large vesicles of non-germinated conidia are observed which impede spore germination. Furthermore, the normal cell shape was damaged, and macroconidia appeared to be highly disrupted, signifying the effect of NPs on the spores.

Effect of *Melia* Leaf Extract-Silver Nanoparticles on the Viability and Reactive Oxygen Species Production in *Fusarium oxysporum* {#S3.SS5}
-----------------------------------------------------------------------------------------------------------------------------------

Fluorescence microscopy images acquired by CLSM were used to explicate the mechanism of fungal growth inhibition incited by MLE-AgNPs. Red color was accumulated by non-viable hyphae due to uptake of PI; however, control treatment did not show any detectable red-colored hyphae ([Figure 10A](#F10){ref-type="fig"}), which reveals 100% viability of fungal mycelium, whereas in treated samples, the characteristic red-colored mycelium was detected at both concentrations, i.e., 100 and 120 μg/ml ([Figures 10B,C](#F10){ref-type="fig"}). PI uptake experiment was compared with morphological changes indicated by SEM that NPs may alter the permeability of the cell membrane, causing disintegration, which ultimately induces cell death.

![The effect of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) on the production of intracellular reactive oxygen species (ROS) in *Fusarium oxysporum* mycelium, **(A)** control (sterile water), **(B)** 100 μg/ml, and **(C)** 120 μg/ml. Analyzing the propidium iodide influx on the membrane of *F. oxysporum* after treatment with MLE-AgNPs, **(D)** control, **(E)** 100 μg/ml, and **(F)** 120 μg/ml.](fmicb-11-00238-g010){#F10}

To study the intracellular ROS production in fungal mycelium, DCFH-DA fluorescence was used. Insignificant to very weak fluorescence was observed in the control sample ([Figure 10D](#F10){ref-type="fig"}). Contrastingly, strong green color was detected in MLE-AgNP (100 μg/ml)-treated hyphae ([Figure 10E](#F10){ref-type="fig"}). Furthermore, fluorescence intensity was amplified when *F. oxysporum* was treated at a higher concentration (120 μg/ml) of MLE-AgNPs ([Figure 10F](#F10){ref-type="fig"}). This comparative analysis designates that green synthesized MLE-AgNPs increased ROS generation in the mycelium and damaged the cell membrane which results in fungal growth inhibition.

Greenhouse Experiments for *in vivo* Efficacy Study of *Melia* Leaf Extract-Silver Nanoparticles {#S3.SS6}
------------------------------------------------------------------------------------------------

The *in vivo* efficacy of MLE-AgNPs was evaluated in pots under greenhouse conditions against *F. oxysporum* causing tomato wilt ([Figures 11](#F11){ref-type="fig"}, [12](#F12){ref-type="fig"}). The current study indicated significant improvement in growth parameters and disease reduction at different concentrations of AgNPs as compared to the pathogen and non-pathogen controls ([Table 1](#T1){ref-type="table"}).

![Effect of different concentrations of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) on plant height and shoot and root length under greenhouse conditions against *Fusarium* wilt of tomato. Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and Duncan multiple range test.](fmicb-11-00238-g011){#F11}

![Effect of various concentrations of *Melia* leaf extract-silver nanoparticles (AgNPs) on disease development and vegetative growth of tomato plant after 45 days under greenhouse conditions infected with *Fusarium oxysporum*. **(A)** Pathogen control. **(B)** Fungicide. **(C--K)** Various concentrations (5, 10, 20, 40, 60, 80, 100, 120, and 140 μg/ml) of AgNPs.](fmicb-11-00238-g012){#F12}

###### 

Evaluation of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) under greenhouse conditions against *Fusarium* wilt of tomato.

  Sr No.   NP concentrations (μg/ml)   Biomass (g)       Disease incidence (%)   Disease reduction (%)   
  -------- --------------------------- ----------------- ----------------------- ----------------------- -----------------
           Pathogen control            0.94 ± 0.08^d^    0.07 ± 0.07^c^          100 ± 0.05^a^           --
           Fungicide                   16.2 ± 0.1^b^     5.68 ± 0.5^b^           11.2 ± 0.08^c^          89.8 ± 0.08^bc^
  1        5                           1.09 ± 0.06^cd^   0.97 ± 0.1^c^           68.6 ± 0.06^b^          31.4 ± 0.1^d^
  2        10                          3.03 ± 0.3^c^     1.17 ± 0.3^bc^          55.4 ± 0.1^bc^          44.6 ± 0.3^c^
  3        20                          7.95 ± 0.1^bc^    1.85 ± 0.09^b^          35.5 ± 0.09^c^          64.5 ± 0.07^bc^
  4        40                          9.59 ± 0.07^b^    2.09 ± 0.08^b^          28.2 ± 0.07^cd^         71.8 ± 0.06^b^
  5        60                          9.66 ± 0.4^b^     2.18 ± 0.4^ab^          25.6 ± 0.05^cd^         74.4 ± 0.09^b^
  6        80                          15.7 ± 0.2^a^     5.45 ± 0.5^a^           9.6 ± 0.02^d^           90.4 ± 0.08^ab^
  7        100                         16.8 ± 0.1^a^     5.87 ± 0.3^a^           0.0 ± 0.01^e^           100 ± 0.02^a^
  8        120                         18.7 ± 0.15^a^    6.43 ± 0.2^a^           0.0 ± 0.02^e^           100 ± 0.04^a^
  9        140                         16.3 ± 0.08^a^    5.67 ± 0.3^a^           0.0 ± 0.01^e^           100 ± 0.02^a^

Mean values with the same letter differ non-significantly (

P

≥ 0.05) as created by ANOVA and Duncan multiple range test.

The growth parameters, i.e., plant height, root and shoot lengths, and fresh and dry plant weight, were taken in account for this study. It was noted that all concentrations of MLE-AgNPs showed effectiveness against disease activity by *F. oxysporum* and plays an active role in disease reduction and enhancement of growth parameters. An increase in concentrations from 20 to 140 μg/ml significantly reduces the disease, i.e., more than 50%, while at the highest concentrations from 100 to 140 μg/ml, no disease symptoms were observed. According to the current investigation, at the lowest concentration (5 μg/ml), the length of shoot, root, and plant height were 11.4, 5.5, and 16.9 cm as compared to the control that were estimated to be 6.9, 1.4, and 8.3 cm, respectively. Furthermore, fresh biomass and dry biomass of shoot and root were calculated to be 0.94 and 0.07 g in control, whereas 1.09 and 0.97g were noted for the lowest concentration. Increase in concentrations from 10 to 140 μg/ml was accompanied by significant disease reduction and improvement of plant health by affecting the growth parameters. However, in the case of pathogen control, 100% disease incidence was asserted. Observations regarding fungicide treatment (Nativo) were comparable to the higher concentrations, with 89.8% disease reduction. Growth parameters were also affected, so these findings suggested that NP treatments were more effective as compared to the commercially available fungicides. According to the current results, application of MLE-AgNPs at 120 μg/ml caused highest increment in growth parameters by causing complete inhibition of seedling wilt.

Measurement of Chlorophyll and Carotenoid Contents {#S3.SS7}
--------------------------------------------------

For plant growth, chlorophyll content has an important index. [Table 2](#T2){ref-type="table"} shows that in comparison to the pathogen control, the total chlorophyll and carotenoid content significantly increased with MLE-AgNPs used in various concentrations. Our results showed that both chlorophyll "a" and "b" increased with higher concentrations. Total chlorophyll, i.e., 2.76 ± 0.18 and 2.81 ± 0.17, and carotenoid contents, i.e., 0.99 ± 0.18 and 1.11 ± 0.15, in leaves of tomato plants significantly increased at 100 and 120 μg/ml, respectively.

###### 

Effect of various treatments of *Melia* leaf extract-silver nanoparticles on photosynthetic pigments of tomato plants.

  Treatments μg/ml   Chlorophyll "a"   Chlorophyll "b"   Total chlorophyll   Total carotenoid
  ------------------ ----------------- ----------------- ------------------- ------------------
  Pathogen control   0.57 ± 0.02^c^    0.186 ± 0.26^c^   0.76 ± 0.23^d^      0.06 ± 0.26^c^
  Fungicide          1.56 ± 0.01^ab^   0.23 ± 0.67^bc^   1.79 ± 0.17^b^      0.49 ± 0.18^b^
  5                  0.52 ± 0.17^c^    0.17 ± 0.43^c^    1.08 ± 0.12^c^      0.03 ± 0.39^c^
  10                 0.89 ± 0.23^bc^   0.19 ± 0.18^c^    1.08 ± 0.18^c^      0.03 ± 0.27^c^
  20                 1.09 ± 0.28^b^    0.24 ± 0.17^bc^   1.33 ± 0.19^c^      0.36 ± 0.35^b^
  40                 1.65 ± 0.26^ab^   0.28 ± 0.19^bc^   1.93 ± 0.15^b^      0.42 ± 0.25^b^
  60                 1.87 ± 0.34^ab^   0.34 ± 0.37^b^    2.21 ± 0.16^ab^     0.74 ± 0.23^ab^
  80                 2.14 ± 0.32^a^    0.41 ± 0.19^ab^   2.55 ± 0.19^ab^     0.79 ± 0.19^ab^
  100                2.25 ± 0.15^a^    0.51 ± 0.12^a^    2.76 ± 0.18^a^      0.99 ± 0.18^a^
  120                2.27 ± 0.13^a^    0.53 ± 0.23^a^    2.81 ± 0.17^a^      1.11 ± 0.29^a^
  140                2.21 ± 0.25^a^    0.48 ± 0.56^ab^   2.69 ± 0.18^a^      0.84 ± 0.27^ab^

Mean values with the same letter differ non-significantly (

P

≥ 0.05) as created by ANOVA and Duncan multiple range test.

Quantification of Total Phenolics and Stress Enzymes {#S3.SS8}
----------------------------------------------------

Application of different concentrations of AgNPs induced tomato plants for significantly (*P* \> 0.05) higher production of phenolics, PAL, PO, and PPO as compared to the pathogen control ([Figure 13](#F13){ref-type="fig"}). Phenolic compounds were quantified at different concentrations ([Figure 14A](#F14){ref-type="fig"}). The highest phenolic quantities were observed at 120 μg/ml. Both in roots and shoots, the increase was 3.08- and 2.65-fold as compared to the pathogen control. The phenolic content after 45 days of sowing increased with increasing concentrations of MLE-AgNPs both in roots and shoots, whereas the minimum phenolic content was observed at the lowest concentration, i.e., 25.4% and 1.69%, respectively. However, in fungicide treatment, the activity increased to be 3.34- and 2.67-fold in roots and shoots, respectively.

![Effect of various concentrations of silver nanoparticles (AgNPs) on disease development and vegetative growth (root and shoot length) of tomato plant after 45 days under greenhouse conditions infected with *Fusarium oxysporum*. **(A)** Pathogenic control. **(B--J)** Different concentrations, i.e., 5, 10, 20, 40, 60, 80, 100, 120, and 140 mg/ml of *Melia* leaf extract (MLE)-AgNPs. **(K)** Fungicide.](fmicb-11-00238-g013){#F13}

![**(A)** Effect of various concentrations of *Melia* leaf extract (MLE)-silver nanoparticles (AgNPs) on total phenolics in the plants measured after 45 days. Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and Duncan multiple range test (DNMRT). **(B)** Effect of various concentrations of MLE-AgNPs on phenylalanine ammonia lyase (PAL) quantity in the plants measured after 45 days. Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and DNMRT. **(C)** Effect of various concentrations of MLE- AgNPs on peroxidase activity (PO) in the plants measured after 45 days. Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and DNMRT. **(D)** Effect of various concentrations of MLE-AgNPs on polyphenol oxidase activity (PPO) in the plants measured after 45 days. Vertical bars represent standard error between various replicates of the same treatments. Values with the same letter differ non-significantly (*P* ≥ 0.05) as created by ANOVA and DNMRT.](fmicb-11-00238-g014){#F14}

Quantitative changes in plant defense were also observed for PAL activity in roots and shoots treated with various concentrations of MLE-AgNPs ([Figure 14B](#F14){ref-type="fig"}). In case of PAL activity, maximum amounts were observed in plants treated with higher concentrations. There was an increase of 1.91- and 2.09-fold in roots and shoots at 120 μg/ml as compared to the pathogen control. Similarly, an increase of 1.76- and 1.83-fold was observed for roots and shoots in the non-pathogen control, whereas the lowest quantity of PAL activity was detected in the pathogen control. A wave-like pattern in terms of increasing and decreasing trends was observed for PAL activity.

The highest PO activity was exhibited at higher concentrations of MLE-AgNPs in roots and shoots ([Figure 14C](#F14){ref-type="fig"}). The highest activity was observed at 100 and 120 μg/ml, with an increase of 1.28- and 1.27-fold in roots and 1.30- and 1.28-fold in shoots as compared to the control. Other concentration ranges from 10 to 80 μg/ml both in roots and shoots exhibited 5.5--25.3% and 10--26.1%, respectively. Non-pathogen control also showed an increase in PO activity by 1.23-fold in roots and 1.22-fold in shoots as compared to the pathogen control; however, at the highest concentrations, i.e., 140 μg/ml, a comparatively reduced activity was noted. The increase in PO activity of the treated tomato plants followed the same trend as phenolic activity. In case of PPO activity, excessive amounts were observed in tomato plants (roots and shoots) treated with various concentrations of MLE-AgNPs ([Figure 14D](#F14){ref-type="fig"}). Various concentration ranges from 5 to 140 μg/ml exhibited 8.8--99.6% activity in roots and 1.49--84.1% in shoots, while maximum activity was observed at 120 μg/ml as there was an increase of 2.00-fold in roots and 1.84-fold in shoots as compared to the control. Lower concentrations, i.e., 40--80 μg/ml, also showed higher PPO activity in comparison to the control and non-pathogen control. These results showed that AgNPs could induce a higher amount of PPO activity as compared to the fungicide treated.

Discussion {#S4}
==========

The green synthesis of NPs has currently established an environment-friendly and safest method involving a wide range of biological entities including fungi, bacteria, and different plant parts. UV-vis spectroscopy is an important tool to inspect the formation and steadiness of metal NPs as absorption band is detected in UV-vis range due to the SPR of metal electrons in NP solution which ultimately gives information regarding the shape and size of the NPs ([@B58]; [@B74]). The change in color regulates the synthesis of AgNPs from the aqueous extract of *M. azedarach* ([@B32]). The reduction of silver metal ions A^+^ into AgNPs is due to the presence of active molecules in the leaf extract ([@B3]). Most probably, the speedy rate of reaction by using microwave irradiations is due to constant and rapid heating of the medium, which gives homogeneous nucleation and synthesis of NPs ([@B6]). Integration of microwave chemistry with biosynthetic methods significantly enhances the synthesis of NPs without interrupting green reaction conditions ([@B47]). Our results support the observation of [@B35], who recently reported on the formation of stable AgNPs from the leaf extract of *Elephantopus scaber* by using domestic oven irradiation. Active biomolecules present in the aqueous extract of *M. azedarach* interceded the formation of AgNPs ([@B102]; [@B99]). There are evidences which state that gallic acid results in rapid reduction of silver nitrate into AgNPs which is due to hydrolysis of tannic acid into gallic acid and glucose under a slightly acidic and basic environment ([@B65]). Our results are in accordance to [@B6] who synthesized AgNPs after 30 s of microwave irradiation. The UV-vis spectral analysis predicts that NPs are evenly distributed and somehow more spherical in shape. Small, uniform-sized NPs can be yielded by microwave synthesis in relatively lesser time, and that is the main attraction of this method. The rapid utilization of the initial materials minimizes the chances of agglomeration during microwave-assisted methods and results in narrow-sized distributed NPs ([@B72]). Increasing pH of the reaction mixture results in an increased reduction of silver nitrate (AgNO~3~) by aqueous MLE. This may be attributed to the fact that at higher pH, more H^+^ ions are available, which results in faster reduction of AgNO~3~ and oxidation of the metabolites ([@B44]). Parameters such as temperature and pH can be used to modify the size and shape of AgNPs, exclusive of any additional stabilizers, as cellular proteins themselves act as stabilizing agents ([@B10]). Disparity in the metal salt concentrations and biological material influences the NP synthesis ([@B83]). It is therefore suggested that microwave-assisted green synthesis by using MLEs acts as both capping and reducing agent and has been subjected for one pot green synthesis of MLE-AgNPs at rapid rate due to improved product yield, consuming less energy, reducing reaction time, comparatively smaller size, as it has been reported previously ([@B72]; [@B6]). FTIR confirms the absorption of characteristic frequencies of IR radiations of different functional groups ([@B50]). The results of the current investigation are in accordance to previous studies ([@B90]; [@B6]) that suggested that the peak from 1,607 to 1,636 cm^--1^ is due to C=C aromatic ring stretching vibrations. However, [@B94] proposed that the peaks at 1,620--1,636 cm^--1^ represent carbonyl group (C=O) present in polyphenols such as theaflavin, epicatechin gallate, and catechin gallate. The major sources for these vibration bands are various phytochemicals, flavonoids, and alkaloids that are copiously present in the leaf. Biogenic AgNPs are capped by amine and amide group; in addition to, extracts are responsible for reduction of Ag^+^ to Ag^0^, involving the formation of transitional complexes with phenolic OH groups, FTIR insinuates that the presence of peptides on the surface of biogenic AgNPs plays a pivotal role in the synthesis and capping of NPs ([@B9]). Few unassigned peaks in XRD pattern indicate the presence of some bio-organic proteins/compounds in the leaf extracts that crystallize on the surface of the AgNPs ([@B45]). [@B91] performed XRD for AgNPs synthesized from *M. azedarach*, and the calculated particle size was 22 nm, which is very close to our study. Size variability depends on many factors such as pH, temperature, and type of plant extracts ([@B71]). Previous reports showed various size ranges (0.5--350 nm) for AgNPs synthesized from different leaf extracts ([@B4]). Generally, it is common that due to SPR, silver nano-crystals showed a typical absorption peak at 3 keV in EDX ([@B62]). Some other minor peaks in graph may be possible due to the presence of biomolecules in plant material bound to AgNPs ([@B92]). The SEM results of the current study are in accordance with the work of [@B68], who synthesized predominantly spherical shaped AgNPs from *M. azedarach* extract. The various sizes of the particles may be related with different shapes and may be due to aggregation of the smaller ones.

Dynamic light scattering is used to investigate polydispersity or monodispersity and quantitative size distribution of NPs in the colloidal solution. Sample preparations are mainly involved in variation of results ([@B109]). DLS results of the present study revealed larger particle size and polydispersity in comparison to TEM analysis which mainly included the size of capping agent that lids the surface of AgNPs ([@B13]). Zeta potential is an important parameter indicating the long-term stability and state of NP in dispersion. In accordance to previous literature, highly stable NPs have zeta potential values that range from greater than +25 mV or less than −25 mV. Due to aggregation of interparticle attractions, dispersions showed low zeta potential values; however, it also depends on solution pH and electrolyte concentration ([@B100]). The zeta potential (−22.3 mV) for MLE-AgNPs in the current study indicates high stability which could be attributed to the presence of organic coating formed around the NPs.

Transmission electron microscope images also depict the AgNP distribution ([@B73]). Coating with capping agent signifying the presence of biomolecules in the leaf extract like flavonoids, proteins, and polyphenols indicates the stabilization of NPs and prevents agglomeration even within aggregates ([@B87]). This type of inherent capping agents allows perfect dispersion of NPs in bio reduced colloidal solution ([@B51]).

The present study specifies that various concentrations of AgNPs from lower to higher significantly inhibited the radial growth of *F. oxysporum* and found to be more efficient which are in accordance with previous studies (e.g., [@B107]). Different studies reported antifungal activities of the AgNPs ([@B106]). Various researchers worked on the synthesis of NPs from different plant extracts to explore their antifungal potential. [@B82] studied antifungal activity of AgNPs synthesized from *Bergenia ciliata* against various fungi, and their results indicated that the NPs were more effective as compared to the *B. ciliata* extract alone. The bio-fabricated AgNPs at different concentrations accounted for complete inhibition of conidial germination of *Bipolaris sorokiniana*, spot blotch pathogen of wheat, whereas 100% conidial germination was observed in the absence of these NPs ([@B69]). [@B12] attempted to synthesize efficient and stable biocompatible AgNPs from the aqueous leaf extract of *Cassia roxburghii* which exhibited higher antifungal activity against plant pathogenic fungi including *F. oxysporum, Curvularia* sp., and *Rhizoctonia solani* as compared to the conventional antifungal drug, so their findings suggest that these phyto-synthesized NPs have potential to be used as an effective growth inhibitor. AgNPs exhibited antifungal activity by inactivating the sulfhydryl groups in the fungal cell wall by forming insoluble compounds, while disruption of membrane-bound lipids and enzymes resulted in lysis of the cell ([@B23]). AgNPs expressed antifungal activity by destructing the membrane integrity of the pathogen ([@B27]). In a former study, [@B54] stated that AgNPs exhibited better antifungal activity against various phytopathogenic fungi. Some other authors also reported that the antimicrobial process may involve the creation of pores by binding AgNPs to the external proteins, intrusive with replication of DNA or forming ROS ([@B24]; [@B76]). Biogenic nanoparticles coupled with their intrinsic properties are suitable for antimicrobial activities. The synergistic effect of green synthesized AgNPs combining with fungicides was explored against three pathologically reported fungal strains, and this showed significant resistance against infectious agents ([@B11]). [@B25] evaluated the antifungal activity by estimating 90% reduction of colony-forming phytopathogenic fungi including *Fusarium moniliforme*, *F. verticillioides, Penicillium brevicompactum, Pyricularia oryzae*, and *Helminthosporium oryzae* by using AgNPs.

The SEM is extensively used to illustrate the direct interactions between NPs and biological materials ([@B16]). Disruption of fungal hyphae and cell wall of *F. oxysporum* at different concentrations of MLE-AgNPs induced toxic effects on fungal cell wall which can be attributed to the disorder in the biosynthesis of chitin. The fungal cell wall has complex dynamics and primarily composed of chitin, glycoproteins, mannans, and glucans. Disturbance of chitin synthesis results in outcomes in the form of wall disintegration and deformed and osmotically unstable fungal cells ([@B14]). It has been insinuated that silver ions are emancipated to the growth media from MLE-AgNPs, which attach on the surface of the cell wall by diffusing into fungal cells ([@B81]). SEM monographs in the current study clearly show the deformation of mycelium by the action of nanomaterials; it clearly indicates morphological changes in cell such as surface damage and inflammation as well as loss of cell wall integrity. Similarly, [@B77] studied some fungi and observed a detrimental effect of silver and copper NPs on fungal hyphae. Oxidative stress induced by AgNPs on fungal cells was also suggested as one of the key mechanisms for enhancing the cytotoxic effect. The formation and stable dispersion of the NPs affect their antimicrobial activity; however, during the interaction of biological cells and NPs, excretion of silver and increased residence time enhance the activity ([@B98]; [@B57]). Eventually, the NPs inhibited the spore germination, leading to hyphal mutilation and impeding sporulation.

Propidium iodide staining of the mycelium indicated the extent of cell death and suggested that MLE-AgNPs have the ability for causing irretrievable damage and disintegration of cellular membranes by altering the membrane permeability. SEM observations are confirmed by these findings. Fungicidal effect of AgNPs against *F. oxysporum* was evidenced by expressing a high level of red fluorescence of PI intensity that was directly proportional to the exposed dose of MLE-AgNPs. As an example, the mycelium of *F. oxysporum* showed cell death and loss of membrane integrity after uptake of PI upon treatment with lawsone ([@B19]). Similarly, DCFH-DA fluorescence specifies intracellular ROS production in fungal mycelium. ROS is naturally available in the cells as highly reactive signaling molecules leading to cell death by inducing oxidative stress responses in fungi and bacteria and thus serves as an indicator for depicting the physiological status of the cell ([@B22]; [@B20]). These ROS are a set of ephemeral reactive-oxidants, encompassing hydrogen peroxide (H~2~O~2~), hydroxyl-radical (--OH), singlet oxygen, superoxide radical, etc. ([@B59]). [@B17] proposed that ROS induces inhibition and morphological damage to fungal spores when GO-AgNPs comes in contact with fungal mycelium, which also confirms current observations.

[@B28] proposed that NPs have a great potential to play an important role in agriculture sector while their studies on the effect of different types of NPs on tomatoes and eggplants both under greenhouse and field conditions suggested that plant weight and yield are improved even when they are grown in disease-infested soils. The effects of AgNPs on disease reduction and growth parameters are more pronounced at higher concentrations. Similarly, [@B53] stated that fungal inhibition amplifies with increased concentration of AgNPs. This phenomenon arises due to higher density of AgNPs solution which has a property to saturate, adhere to the fungal hyphae, and disengage the pathogen invasion. [@B28] studied the effect of foliar treated micronutrient NPs in disease-infested soil under greenhouse and field on tomatoes and eggplants and found that NPs performed well and affected plant yield and weight positively. Micronutrients have reduced mobility in plants especially in neutral soils, yet they play a key role in root health, so NPs have potential of micronutrients to sustain roots in disease-infected soils, but it also depends on application efficacy; therefore, NPs have a great potential to be a part of agriculture sector ([@B28]). [@B61] investigated *in vivo* and *in vitro* effects of biosynthesized AgNPs against *Fusarium* wilt, and their findings suggested that these NPs have antifungal potency to be used as synthetic fungicides as they enhanced growth parameters especially the roots when treated with various concentrations and reduced disease severity by 90% by minimizing the number of wilted seedlings. It was also proposed that coating of seedlings with AgNPs may provoke plant growth and prevent the intrusion of phytopathogens ([@B1]). The antifungal potency of AgNPs provides a shielding effect around the roots and acts as a barrier to invasive fungi by preventing colonization and development of wilt symptoms. Incubation time also affected the treatment of seedlings with AgNPs, as longer times allowed complete saturation of seedling roots and hence play a key role in controlling the wilt disease ([@B60]).

[@B80] observed that with increasing concentrations of AgNPs, the chlorophyll content also increased. The findings of the present work are in accordance to these results. [@B34] noticed significant stimulation for Chl "b" and carotenoids in tomato plants for biosynthesized AgNPs while they noted stress effect by measuring reduced Chl "a" after 35 days of treatments. Similarly, [@B79] proposed that carotenoid content increased in *Dracocephalum moldavica* with increasing concentrations of AgNPs that protect the plant against ROS. Thus, antioxidant properties of carotenoids provide a protective function against free radicals of metallic and metal NPs ([@B93]). [@B26] studied that systemic resistance was induced in *Vicia faba* against bean yellow mosaic virus (BYMV) by using biosynthesized AgNPs and results in increased concentration of photosynthetic pigments, whereas it was decreased in infected plants likewise. Postinfection treatment of AgNPs resulted in reduced percentage infection, disease severity, and virus concentration.

Different functions of plants such as defensive approach from biocidal and herbivory against fungal and bacterial pathogens as well as structural stability are related to phenolic activity ([@B41]). Virus-infected broad bean leaves treated with AgNPs indicated maximum accumulation of phenolic contents in comparison to the infected leaves at different levels of treatments ([@B26]). From our study, it was clear that disease severity was reduced with increased activities of phenolics in tomato plants treated with different concentrations of AgNPs, so the infected roots of treated tomato seedlings were found to be more resistant as compared to the control ones.

Therefore, a noteworthy increase in the activities of phenolics, PO, PPO, and PAL at the higher concentration of MLE-AgNPs is usually regarded as tolerance indicator in tomato plants. So, these results suggest that biosynthesized AgNPs enhance the level of antioxidant enzymes which may act like a defensive mechanism against oxidative stress due to disease, whereas healthy growth of plant was associated with antioxidant defenses. Like current observations, [@B55] found that biosynthesized AgNPs are able to diminish the pathogenic population of *Alternaria solani*, the causative agent of early blight in tomato in a concentration-dependent manner and reported that pretreatment of particles on leaves increased the host resistance and prevents the infection by increasing the antioxidant and chlorophyll content. Plant resistance was enhanced by improved enzyme activities involved in phenyl-propenoid pathway viz: PAL, PO, and POO ([@B103]; [@B48]; [@B89]; [@B5]). The increased activity of PO, PPO, and PAL might be associated with cell wall strengthening and production of certain bioactive compounds including lignin, suberin, quinones, and melanin which act like a protective shield for the approaching pathogens by destroying their pectolytic enzymes ([@B56]; [@B39]; [@B37]), while PPO plays a key role in initiation of defense resistance against plant diseases by catalyzing phenolic oxidation ([@B101]). [@B79] proposed that silver accumulated in root tissues after AgNP treatment mainly exists in the form of NPs which were highly stable and did not release ionic silver after inflowing the cells, so they showed least toxicity in comparison to ionic silver.

Conclusion {#S5}
==========

Nanotechnology plays a dynamic role in introducing multiple approaches for suppressing disease, enhancing disease diagnostics, and developing new measures for manipulation of plants and pathogens. Thus, biosynthesized MLE-AgNPs is an eco-friendly approach to control *Fusarium* wilt of tomatoes at various concentrations by suppressing the growth of *F. oxysporum*. MLE-AgNPs has shown strong potential to restrain the fungal population both in lab and field trials in dose-dependent manner. Application of NPs on pre-infected roots of tomato plants successfully reduced the wilt by increasing the resistance of the host plant and enhancing the growth parameters of tomato seedlings. Photosynthetic pigments and antioxidant enzymes increased with the various concentrations of MLE-AgNPs. So, this study provides a basis that biosynthesized NPs can be used as an alternative to conventional fungicides and become helpful in minimizing environmental pollution. Hence, they have the ability to replace the health hazards of chemical fungicides.
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